calculations yield similar binding constants for Hg onto each of the bacterial species studied. The 23 calculations also indicate similar binding constants for Hg-bacteria and Hg-FA complexes, and the 24 values of these binding constants suggest a high degree of covalent bonding in each type of 25 complex, likely due to the presence of significant concentrations of sulfhydryl functional groups 26 on each. S XAS confirms the presence of sulfhydryl sites on both the FA and bacterial cells, and 27
demonstrates the presence of a wide range of S moieties on the FA in contrast to the bacterial 28 biomass, whose S sites are dominated by thiols. Our results suggest that although FA can compete 29 have the potential to create highly stable complexes with metal ions across the pH range (Ephraim, Hg-bacteria complexes are not well known. Depending on these relative stabilities, the formation 52 of metal-NOM complexes may decrease adsorption of Hg to bacteria cell envelopes due to a 53 competitive ligand effect, or under certain conditions may increase adsorption of Hg to bacteria 54 due to ternary complexation with NOM. For example, investigating Pb, Cu, and Ni separately, 55 Borrok et al. (2007) found that ternary metal-FA-bacteria complexes form, and that the importance 56 of the complexes is strongly affected by pH. Conversely, Wightman and Fein (2001) found that 57 the presence of NOM decreases the amount of Cd adsorbed to bacteria under mid-and high-pH 58 conditions, and that the presence of Cd does not affect the adsorption of NOM to bacteria, 59
suggesting that ternary complexes do not occur. likely that significant changes to Hg adsorption behavior occur in the presence of NOM. 64
In this study, we use bulk adsorption and Hg X-ray absorption spectroscopy (XAS) 65 experiments, conducted as a function of pH and FA concentration, using intact non-metabolizing 66 bacterial cells to study Hg binding onto three different bacterial species and to compare the ability 67 of bacteria to adsorb mercury in the presence and absence of a fulvic acid (FA). We use the 68 experimental results to calculate apparent stability constants for Hg-bacteria and Hg-FA 69 complexes, allowing for quantitative modeling of the competitive binding that can occur between 70 bacteria and FA in more complex settings. This study examined both Gram-positive and Gram-71 negative bacterial species in order to determine if cell envelope structure affects the binding 72 reactions, and one species was a Hg methylator, which we examined in order to determine if the 73 extent or nature of Hg binding onto that species differed from that exhibited by the non-74
methylators. 75 76

Methods 77
Experimental methods 78
Bacterial growth and washing procedure 79
Bacillus subtilis (a Gram-positive aerobic soil species) and Shewanella oneidensis MR-1 80 (a Gram-negative facultative anaerobic species) cells were cultured and prepared following the 81 procedures outlined in Borrok et al. (2007) . Briefly, cells were maintained on agar plates consisting 82 of trypticase soy agar with 0.5% yeast extract added. Cells for all experiments were grown by first 83 inoculating a test-tube containing 3 mL of trypticase soy broth with 0.5% yeast extract, and 84 incubating it for 24 h at 32 °C. The 3 ml bacterial suspension was then transferred to 1 L of 85 trypticase soy broth with 0.5% yeast extract for another 24 h on an incubator shaker table at 32 °C. 86
Cells were pelleted by centrifugation at 8100 g for 5 min, and rinsed 5 times with 0.1 M NaClO4. 87
Geobacter sulfurreducens (a Gram-negative species capable of Hg methylation) cells were 88 cultured and prepared using a different procedure than detailed above. Cells were maintained in 89 50 mL of anaerobic freshwater basal media (ATCC 51573) at 32 o C (Lovely and Phillips, 1988) . 90
Cells for all experiments were grown by first inoculating an anaerobic serum bottle containing 50 91 mL of freshwater basal media, and incubating it for 5 days at 32 o C. Cells were pelleted by 92 centrifugation at 8100 g for 5 minutes, and rinsed 5 times with 0.1 M NaClO4 stripped of dissolved 93 oxygen by bubbling a 85%/5%/10% N2/H2/CO2 gas mixture through it for 30 minutes. After 94 washing, each of the three types of bacteria was then pelleted by centrifugation at 8100 g for 60 95
minutes to remove excess water in order to determine the wet mass so that suspensions of known 96 bacterial concentration could be created. All bacterial concentrations in this study are given in 97 terms of gm wet biomass per liter. Bacterial cells were harvested during stationary phase, and all 98 experiments were performed under non-metabolizing, electron donor-free conditions. 99
100
Adsorption experiments 101
To prepare experiments, aqueous Hg, NOM, and suspended bacteria stock solutions were 102 mixed in different proportions to achieve the desired final concentrations for each experiment. FA stock solutions were prepared in Teflon bottles by dissolving dried, powdered 107
International Humic Substances Society Suwannee River FA Standard I in a 0.1 M NaClO4 buffer 108 solution to achieve the desired final FA concentration for each experiment. A known mass of wet 109 biomass was then suspended in the FA stock solution, and the pH of the FA-bacteria parent 110 solution was immediately adjusted to the experimental pH using 0.2 M HNO3 and/or NaOH. To 111 prepare experimental solutions, aliquots of the FA-bacteria parent solution were added 112 gravimetrically to Teflon reaction vessels, followed by a small aliquot of commercially-supplied 113 1,000 mg L -1 Hg aqueous standard to achieve the desired final Hg concentration. The pH of each 114 suspension was again adjusted immediately to the experimental pH. The vessels were placed on 115 an end-over-end rotator to agitate the suspensions for the duration of the experiment (2 h for B. 116 subtilis and G. sulfurreducens and 3 h for S. oneidensis MR-1, as determined by initial kinetics 117 experiments (results not shown)). The pH of the suspensions was monitored and adjusted every 15 118 minutes throughout the duration of the experiment, except during the last 30 minutes, when the 119 suspensions were undisturbed. At the completion of each experiment, the pH of the suspensions 120 was measured and the experimental suspensions were centrifuged at 8100 g for 5 minutes. 
XAS measurements 144
Hg LIII-edge X-ray absorption near edge structure (XANES) and extended X-ray 145 absorption fine-structure spectroscopy (EXAFS) measurements were performed at the MRCAT 146 sector 10-ID beamline (Segre et al., 2000) , Advanced Photon Source, at Argonne National 147
Laboratory. The continuous-scanning mode of the undulator was used with a step size of 0.5 eV 148
and an integration time of 0.1 sec per point to decrease the radiation exposure during a single scan. 149
Additionally, measurements were made at different spots on the samples to further decrease the 150 exposure time. Hg XAS measurements were collected as described in Mishra et al. (2011) . Hg XAS analyses. First, an aqueous Hg 2+ standard was prepared from high-purity 5 mM Hg 2+ in 163 5% HNO3 and was then adjusted to pH 2.0 ± 0.1for measurement by adding appropriate amounts 164 of 5 M NaOH. A Hg-cysteine standard was prepared by adding cysteine to the aqueous Hg 2+ 165 standard to achieve a Hg:ligand ratio of 1:100. The pH of the Hg-cysteine standard was adjusted 166 to 5.0 ± 0.1 by adding appropriate amounts of 1 M or 5 M NaOH. A Hg-acetate standard was 167 prepared by adding mercuric acetate salt to milliQ water and adjusting the pH to 5.0 ± 0.1 by 168 adding appropriate amounts of 1 M or 5 M NaOH. 169
Sulfur K-edge XANES spectra for biomass and FA samples were acquired at sector 9-BM 170 of the Advanced Photon Source at Argonne National Laboratory using Lytle detector in 171 fluorescence detection mode. At 9-BM, signal from higher order harmonics was removed by 172 detuning the monochromator to 70% of maximum beam flux at 2472.0 eV. Energy calibration was 173 performed by setting the first peak in the spectrum of sodium thiosulfate salt (Na2S2O3) to 2469.2 174 eV. XANES spectra were measured between 2450 and 2500 eV.
Step sizes in the near-edge region 175 (2467-2482 eV) were 0.08 eV, and 0.2 eV in pre-and post-edge regions, respectively. Samples 176 were smeared on carbon tape and the data were collected under a He atmosphere. 177
For this study, sulfur species are divided into three main categories and referred to as 178 reduced S (below 2472 eV), sulfoxide S (near 2473.5 eV), and oxidized S (above 2476.5 eV). 179 Accordingly, three commercially-supplied (Sigma Aldrich) S standards, cysteine, dimethyl 180 sulfoxide (DMSO), and sodium dodecyl sulfate (NaDS), were used to fingerprint S speciation. S 181 standards were mixed with a dry powder of polyacrylic acid (PAA) to achieve a mixture containing 182 ~1% total S by mass. To perform S XANES measurements, a thin layer of a PAA-S standard 183 mixture was smeared on a carbon tape. All standards were prepared within 12 hours of analysis. The data were analyzed by using the methods described in the UWXAFS package (Stern 196 et al., 1995) where Kads is the thermodynamic equilibrium constant for Reaction (1), the square brackets 220 represent concentrations in mol L -1 , and a represents the activity of the species in parentheses. 221
We used FITEQL 2.0 (Westall, 1982) for the equilibrium thermodynamic modeling of the 222 adsorption data, using the aqueous speciation equilibria and equilibrium constants given in Table  223 S1, and using the Davies equation within FITEQL to calculate activity coefficients. Because all of 224 our experiments were conducted at the same ionic strength, we applied a non- The calculated acidity constant and site concentration for this generic site are listed in Table S1 . 237
238
Results
239
Adsorption . Therefore, we used the pH 4 366 data to constrain the stability constant value for Reaction (3) alone, then fixed that value and used 367 the pH 6 data to solve for the stability constant value for Reaction (4) with a model that involved 368
Reactions (3) and (4) simultaneously. We then used the values that we calculated for the stability 369 constants for Reactions (3) and (4) and the pH 8 data to solve for the best-fitting value for Reaction 370 (5) with a model that involved Reactions (3) -(5) simultaneously. This modeling approach assumes 371 that Hg 2+ binding at a given pH occurs dominantly onto sites with pKa values lower than the pH 372 of the experiments; that is, dominantly onto deprotonated sites. However, the resulting stability 373 constant values, which are tabulated in Table 1 , yield excellent fits to the FA-free Hg adsorption 374 data as a function of pH and Hg loading (e.g., Figure 4 ). The calculated stability constants for each 375 reaction for each bacterial species studied here are similar to each other. The log stability constant 376 values for Reaction (3) range from 7.3 for B. subtilis to 7.8 for G. sulfurreducens; those for 377 Reaction (4) range from 11.2 for S. oneidensis MR-1to 11.6 for both B. subtilis and G. 378 sulfurreducens; and those for Reaction (5) range from 15.6 for S. oneidensis MR-1 to 16.5 for G. 379 sulfurreducens. The fact that the stability constant values increase by four-to-five orders of 380 magnitude from one site to the next likely is due to the simplified nature of the adsorption model. 381
We assume that Hg 2+ is the adsorbing aqueous Hg species under all pH conditions. However, 382 hybrid of the 4 sites used by Borrok and Fein (2004) to account for FA protonation behavior, with 395 the pKa value of the hybrid FA site equal to the average of the pKa values used by Borrok and 396 Fein (2004) and the site concentration equal to the average of the total of the 4 sites for all 9 FAs 397 modeled by Borrok and Fein (2004 The calculated stability constants, tabulated in Table 1 , yield an excellent fit to the observed 403 effects of the presence of FA on Hg adsorption onto the bacteria studied here (e.g., Figure 4) 
420 where the log equilibrium constant for Reaction (7) can be calculated as the log K value for 421
Reaction (6) 
